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Abstract 


Due to its high thermal stability and purely oxide ionic conductivity, yttria-stabilized zirconia (YSZ) is the most commonly used electrolyte 
material for solid oxide fuel cells (SOFCs). Standard electrolyte fabrication techniques for planar SOFCs involve wet ceramic techniques such as 
tape-casting or screen printing, requiring sintering steps at temperatures above 1300 °C. Plasma spraying (PS) may provide a more rapid and cost 
efficient method to produce SOFCs without sintering. High-temperature sintering requires long processing times and can lead to oxidation of metal 
alloys used as mechanical supports, or to detrimental interreactions between the electrolyte and adjacent electrode layers. This study investigates 
the use of spin coated sol gel derived YSZ precursor solutions to fill the pores present in plasma sprayed YSZ layers, and to enhance the surface 
area for reaction at the electrolyte-cathode interface, without the use of high-temperature firing steps. The effects of different plasma conditions 
and sol concentrations and solid loadings on the gas permeability and fuel cell performance have been investigated. 


© 2007 Elsevier B.V. All rights reserved. 
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1. Introduction 


Fuel cells electrochemically convert the chemical energy in 
fuels to electrical energy, more efficiently and with much lower 
pollution than electrical generators based on combustion. Solid 
oxide fuel cells (SOFCs), with their high (>600 °C) operating 
temperatures, offer the advantage of high efficiency, especially 
in co-generation. The capability to use a large selection of fuels, 
including hydrocarbons and carbon monoxide, also gives SOFCs 
flexibility not found in low-temperature fuel cells that are poi- 
soned by CO. 

SOFC production typically includes wet ceramic techniques, 
such as tape-casting or extrusion and screen printing or slurry 
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spraying, followed by at least one firing step [1]. Dense YSZ 
films for SOFCs can also be applied on tubular cells by chemical 
vapour deposition (CVD) [2]. However, vacuum-based deposi- 
tion techniques such as CVD are very expensive. Spin coating 
combined with high-temperature firing steps (1300 °C) can also 
be used to produce stand-alone YSZ electrolyte layers with 
low (1-2%) porosity, but only by utilizing lower-conductivity 
compositions of YSZ that are not fully stabilized [3]. 

Plasma spraying (PS) is often used for the deposition of elec- 
trolyte or ceramic interconnect layers in tubular cells. PS offers 
the possibility to deposit ceramic, metal, or composite layers, 
without the need for high-temperature sintering. PS is also an 
easier method for coating large areas and complex shapes that are 
difficult to coat with planar wet ceramic deposition techniques. 
Consequently, PS is uniquely suited for deposition of patterned 
strip ceramic interconnects on tubular cells that cannot be fired 
at high-temperatures, to avoid interreactions between cathode 
and electrolyte. 
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More recently, plasma spraying has been studied as a tech- 
nique with the potential to deposit all of the electrochemically 
active fuel cell layers on a low-cost, robust metallic interconnect 
(IC) support layer with no subsequent high-temperature firing 
step. This approach reduces the material cost of the fuel cell 
and minimizes the risk of oxidation of the metallic IC during 
processing [4]. By avoiding the lengthy high-temperature firing 
steps, the need for parallel production lines for mass production 
is also decreased. Material compatibility problems such as 
interreactions between layers at high sintering temperatures 
can also be avoided. 

PS is a well-established technique to produce both powders 
and thick (micrometre to millimetre range) coatings [5,6]. Due 
to the large amount of heat generated in a plasma flame, nearly 
any material can be coated. Atmospheric plasma spraying 
(APS), performed in air at atmospheric pressure [7], offers 
significant advantages over vacuum plasma spraying (VPS). 
VPS is typically used to produce thin, dense, flat coatings, 
but can also create porous coatings with up to 15% porosity 
[8]. The necessity to create and maintain vacuum conditions 
during deposition increases capital and operating cost of VPS 
deposition. High gas flow rates through the torch, usually 
several hundred litres per minute, have to be pumped out 
of the chambers during deposition. Consequently, this batch 
processing technique is less favourable for mass production, 
both in terms of cost and scalability. APS, on the other hand, 
because it is performed in air under atmospheric pressure, has 
capital and operating costs that are approximately one order of 
magnitude lower compared to those of VPS [9]. 

The properties of PS coating layers vary significantly with 
feedstock types. Feedstocks can be liquids, powders, or solid 
rods [10]. For powder based delivery, particle shape, particle 
size, and size distribution are of importance [11]. Powders that 
are very small are susceptible to vapourization in the plasma 
torch or to difficulties with feeding. Large particles may not 
fully melt in the plasma, and may bounce off the substrate sur- 
face if they have remained solid or have re-solidified in flight. 
The wide range of feedstocks available for plasma spraying pro- 
vides the process with the flexibility that is required for the 
spraying of different SOFC layers. These layers can consist of 
different combinations of materials, with widely varying poros- 
ity requirements. This flexibility makes the process potentially 
more readily adaptable to the fabrication of SOFCs compared to 
other deposition processes that utilize only one feedstock type. 

PS processing is commonly used to create ceramic YSZ coat- 
ings for thermal barrier applications, typically with a porosity 
distribution from 5 to 15% [12]. Denser layers are possible with 
the use of appropriate spraying and feedstock parameters. For 
thermal barrier coatings (TBCs) to be effective, a large ther- 
mal gradient must exist over only a few hundred micrometer 
thick YSZ coating [13-15]. Formation of such a thermal gradi- 
ent is facilitated by the use of porous PS YSZ coatings, since the 
porosity decreases the thermal conductivity of the coatings. In 
applying PS to the production of SOFC electrolytes or electrodes 
containing YSZ, on the other hand, a much more stringently con- 
trolled set of spraying conditions is required. Higher porosities 
are required for sufficient gas flow through the electrodes to 


ensure high performance and efficiency. Fully dense electrolyte 
layers that prevent gas crossover are needed to avoid reactant 
gas mixing. Gas leakage across the electrolyte leads to lower 
open circuit voltages (OCVs) and fuel combustion, resulting in 
lower fuel cell performance and efficiency compared to cells 
with dense electrolytes. 

Coatings created by APS are difficult to produce in thin layers 
that are fully dense as deposited. Multiple methods have there- 
fore been investigated to reduce the porosity of PS YSZ TBCs, 
and thereby improve their corrosion resistance and thermo- 
mechanical stability. Methods previously investigated include 
laser glazing [16,17], detonation gun spraying [17], phosphate 
solution sealing [17], drop coating of ceria-doped zirconia sols 
for sealing [18], silica sol infiltration of PS chromia coatings 
[19], and spark plasma sintering [20]. Furthermore, water based 
nitrate solution decomposition after simple specimen immersion 
[21,22] and forced vacuum impregnation [23] have been used to 
improve gas tightness of plasma sprayed coatings. 

Sol gel (SG) processing is a well known ceramic fabrica- 
tion technique that generally does not require high-temperature 
sintering to produce oxide materials. The SG technique is there- 
fore particularly well-suited as a candidate for use in processing 
materials for SOFC applications [24]. SG processing is regularly 
used to produce both dense coatings [25] and powder materi- 
als [26]. SG processing is also used to produce high surface 
area components. Therefore, the technique is also potentially 
suitable for increasing the electrochemical activity of fuel cell 
electrode-electrolyte interfaces [27]. 

Spin coating, organic-based sols, and composite sols with 
suspended powder have not previously been reported to improve 
plasma sprayed coatings, TBCs, or SOFC electrolytes, nor to 
enhance the surface area of electrolyte-electrode interfaces. 
Investigations of the effects of varying sol concentrations and 
powder loadings have also not been reported previously in these 
applications. The present study investigates the densification 
and surface area enhancement of PS SOFC electrolytes on 
tape-cast NiO/YSZ substrates. Organic-based YSZ sols with 
varying chemical compositions and composite sol gel (CSG) 
slurries with varying solid loadings were applied to the PS YSZ 
layers by spin coating, and the resulting performance changes 
investigated. 


2. Experimental procedure 
2.1. NiO/YSZ substrates 


NiO-YSZ anode support substrates were tape-cast (Engineer- 
ing Associates Inc., model ephea223.5.1.T) on mylar sheet. A 
slurry with a total dry powder loading of 1 kg, with carbon sphere 
pore formers added to increase anode gas diffusivity, was pro- 
duced by mixing and ball milling the slurry mixture components 
listed in Table 1. 

The ethanol, toluene and fish oil were ball milled for over 
15h before adding the powders. The full mixture was then ball 
milled again for 24h. Prior to tape-casting a 1.2 mm thick tape 
in a class 1000 cleanroom, the slurry was degassed in vacuum 
for 30 min. The resulting tape was dried at room temperature for 


342 L. Rose et al. / Journal of Power Sources 167 (2007) 340-348 


Table 1 
Chemicals used for preparation of NiO-YSZ anode substrates 
Chemical Purpose Amount [g] 
Ethanol (Fisher Scientific) Solvent 200 
Toluene (Fisher, ACS grade) Solvent 266 
Z-3 Fish Oil (R.E. Mistler) Dispersant 17 
YSZ (Tosoh, TZ-8Y) Tonically conductive 404 
phase 
Green NiO (Inco, Grade F) Electronically 507 
conductive phase 
Carbon Black (Cancarb, Pore former 90 
N991 ultra pure) 
Polyvinylbutyral Binder 83 
(R.E. Mistler) 
Butyl Benzyl Phthalate S-160 Plasticiser 116 


(R.E. Mistler) 


72h, followed by a 12h drying step at 60°C. Shapes and sizes 
required for further plasma spray and sol gel production were cut 
from the tape, according to the tape shrinkage rates determined 
by tape sintering tests at each sintering temperature studied. The 
cut tape samples were out-gassed for 2h each at 100°C and at 
350°C. They were then pre-sintered at 1000°C, followed by a 
sintering and ironing step at either 1250, 1350, or 1400°C. 


2.2. Plasma sprayed layers 


the presence or absence of the SG coatings, and not due to 
differences in permeation rates through the substrates. 

Feedstock powders were fed through a vibrating hopper feed- 
ing the powder at a constant rate into a constant carrier gas 
flow (see Table 2). The coatings were plasma sprayed on round, 
2.54 cm diameter, approximately 1 mm thick sintered NiO/YSZ 
substrates. The feedstock powder used was 5—25 um fused and 
crushed YSZ (Sulzer Metco) fed through a multi purpose pow- 
der feeder (Thermico, Germany, model CPF-2HP, 11.5 cm inner 
diameter, maximum vibration). The APS spray parameters used 
are presented in Table 2. 

The NiO/YSZ substrates were mounted on a 300 mm diam- 
eter drum. The sample holder allowed for a 1.27 cm diameter 
disc area to be sprayed through a mask in front of the substrate. 


2.3. Sol gel and composite sol gel processing 


In this study, sols were prepared by mixing the chemicals 
listed in Table 3. After adding each chemical, the solution 
was stirred at 200rpm for 30min without heating. The sol 


Table 2 
APS parameters for electrolyte production from 5 to 25 um YSZ feedstock 


Parameter [unit] Lower energy 


PS conditions 


Higher energy 
PS conditions 


Plasma gas composition N2 [100%] N2 [75%]/H2 [25%] 
3 3 : vol% 
Plasma spraying was performed with an axial feed Northwest Pic a eae w 350 
Mettech Axial III torch (NWM, North Vancouver, Canada). To [slpm] 
investigate the effect of initial coating properties on the impact Carrier gas composition Ar [100%] Ar [100%] 
of the sol gel sealing process, two types of YSZ coatings were [vol %] 
produced. One coating was sprayed in a high energy hydro- oe a flow rate 15 6 
. . . . sipm 
gen/nitrogen plasma with a higher potential to melt the YSZ Doa: Feite 50 100 
in flight and thus produce denser layers. The other coating was [gmin] 
sprayed with a lower energy nitrogen plasma. In order to max- Vertical passes of spray 50 38 
imize substrate porosity for subsequent leakage tests, the high robot 
energy plasma sprayed layers were coated on substrates sintered Traverse speed [cm x1] 6.88 3.65 
at 1250°C. This resulted in more than 50% of the substrates Saadat! distance [rr a 130 
, 7 BA SS APS torch electrodes 3 3 
breaking during deposition. The substrates for deposition in low Power per electrode [kW] 37 48 
energy plasma conditions were therefore fired at 1350 °C, result- Torch current per 150 230 
ing in no breakage during deposition. Leakage rates for uncoated electrode [A] 
substrates fired at both temperatures were found to exceed the acta en a 401 364 
: rotation rate m 
range of the leakage testing apparatus at the temperatures stud- Deposited YSZ ee 15 35 
ied. Thus, the differences in gas permeability measured between thickness [um] 
the coatings with and without added SG layers were due to 
Table 3 
Sol gel process mixture 
Chemical Weight [g] Weight [g] Weight [g] 
2 Propanol (Sigma-Aldrich) 50 50 50 
Acetyl acetone (Sigma-Aldrich) 2.5 2.5 2.5 
Zirconium tetrapropoxide (Sigma—Aldrich) 4 8 16 
Distilled water (in-house) 2.5 5 10 
Yttrium nitrate hexahydrate (Sigma—Aldrich, 99.9%) 0.84 1.68 3.36 
Sample denotation (sol concentration, no solid powder loading) SG with low ionic SG with medium SG with high ionic 
concentration ionic concentration concentration 
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gel solution preparation procedure is described in more detail 
elsewhere [28]. 

Once all chemicals were added, the solution was left to 
stir for 12h. For the composite sol gel (CSG) slurries, the 
same sols were produced, and | wt% of YSZ powder (Tosoh, 
TZ-8Y) was added. The sample denotations for the composite 
sol gel slurries follow the ones in Table 3, as low concentra- 
tion CSG, medium concentration CSG, and high concentration 
CSG. Solutions with higher solid loadings (2, 3, 5, and 10 wt%) 
were also prepared, but produced cracked layers during spin 
coating and drying, and thus were not considered suitable 
for further study. Sonication experiments with Tosoh powders 
in suspension determined the need for long (>1h) sonica- 
tion times in order to break down the agglomerates. 12h of 
sonication in a 50°C water bath, however, resulted in the gela- 
tion of the high sol concentration CSG. The CSG slurries 
were thus sonicated for 3h in a water bath at room temper- 
ature. The as-prepared SG solutions and CSG slurries were 
spin coated (Laurell Technologies, WS-400B-6NPP/Lite/10 K) 
on the YSZ electrolytes produced by low energy PS on the 
NiO/YSZ substrates, and on bare NiO-YSZ sintered substrates 
for comparisons of the coating morphology. The YSZ elec- 
trolytes sprayed under high energy conditions were impregnated 
with coatings of the medium concentration SG solution for com- 
parison with the PS coatings produced in the low energy plasma 
conditions. 

The substrates were spun at 3000 rpm for 2 min. 100 pl of sol 
were applied onto the substrate with a precision pipette (100 pl 
Eppendorf) every five seconds, for a total of ten times. Sol appli- 
cation was commenced 5s after starting the rotation with the 
maximum acceleration of the spin coater. For post-coating dry- 
ing, the samples were placed for two minutes on a hot plate at 
300°C. In one set of experiments, this procedure was repeated 
without a firing step to produce multiple sol gel coatings. The 
samples were then fired to either 500 or 650 °C. In other exper- 
iments, only single layers were spin coated and dried and then 
immediately fired. In each case, the samples were kept for 1 h at 
the firing temperature. 


2.4. Characterization 


The thermal characteristics of the sol gel solutions were inves- 
tigated by thermogravimetric analysis (TGA) and differential 
thermal analysis (DTA) in a thermal balance (Linseis L8 1/1750) 
under flowing air (401h~!) up to 1000°C. A baseline measure- 
ment was recorded and automatically deducted from the sample 
measurement. The sample was heated at a rate of 2K min™!. 
The thermocouple (Type B) used in the experiments is capable 
of measurements up to 1750°C, but does not produce reliable 
data below 100°C. 

The crystallographic evolution of the sol gel solutions was 
investigated by X-ray diffractometry (XRD, Rigaku). Medium 
concentration SG solution was dried for 2h at 150°C, then 
ground into a powder and compacted into a Ni pan sample holder 
for a high-temperature stage, with Ni ribs to allow for good heat 
contact and distribution during heating. Holder and sample were 


placed on the heating stage and heated at a rate of 20 K min™!, 


in steps of 50°C. After allowing the system to settle for 30 min, 
an XRD spectrum was recorded at each temperature from 150 
to 1000 °C, within a diffraction angle 26 range of 20-80°. 

The sample gas tightness was tested in a sealed rig designed 
in-house at the National Research Council Institute for Fuel 
Cell Innovation (NRC-IFCI) for 2.54 cm diameter button cells. 
Helium gas with a constant pressure (Alicat Scientific PCD 
Series Digital Pressure Controller, +0.4% precision) was 
applied to the substrate. The incoming gas stream was delivered 
to the electrolyte surface through a rubber o-ring seal with a 
diameter of 0.95 cm. The permeating gas volume was measured 
(Alicat Scientific M Series Digital) to determine the ability of the 
specimens to separate gases under pressure. The gas tightness 
was tested on sintered substrates, as-sprayed PS coated pellets, 
and spin coated pellets. 

Surface and cross-section views of the samples were inves- 
tigated by electron microscopy (Hitachi S-3000 and S-3500) to 
determine the effect of the coating procedures on the material 
microstructure and morphology. The cross-sections of the full 
cells were prepared by mounting the cells in conductive ther- 
moset resin, then cutting the sample with a 400 um diamond 
saw. The surface was polished with pastes of decreasing mean 
abrasive particle diameters, ending with a surface finish obtained 
with a 0.05 wm Al203 solution. 

Composite Smo.5Sro.5CoO3_) (SSC)-Smo 2Cep.g03_ SDC 
(40/60 wt%) cathode slurries were applied through a 0.96cm 
opening in a polymer mask using a spatula. The cathode was 
sintered ex situ at 900 °C for 4h. The parts of the cell not covered 
by PS electrolyte on the cathode-side top surface were sealed 
with YSZ-thermally matched Ceramabond (Aremco), dried for 
1h at room temperature, 2h at 90°C, 2h at 200°C, and 2h at 
500°C. These cells were then mounted in a horizontal 2.54 cm 
diameter test station. The anode was sealed with an alumina 
felt, and the sides of the cells were not coated with a sealant. 
Previous electrochemical testing using different sealing methods 
showed that using ceramic felts typically results in cell open 
circuit voltages approximately 40 mV lower than in fully (glass- 
sealed cells [29]. 

The cell was reduced with a stepwise (20 vol% per step) 
increase in hydrogen flow from 0 to 100 vol%. For the elec- 
trochemical tests, pure hydrogen was bubbled through water at 
room temperature (approximately 20 °C). Hydrogen and air flow 
rates were 100 standard cubic centimetres per minute (sccm). 
Open circuit potential measurements and full cell polarization 
and impedance tests were performed at 800, 750, and 700°C, 
using a Solartron 1260 Frequency Response Analyzer coupled 
with a Solartron 1470E Multistat (London Scientific, Canada). 
The impedance response of the system was recorded from 0.1 


Sol gel impregnated plasma sprayed electrolyte, 1.27 cm 


Cathode, 0.96 cm 


—— Ceramabond 


Ceramabond 


Fig. 1. Principal cross-section of the cells tested during this study. 
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to 10 kHz. Fig. 1 shows a diagram of the principal cross-section 
of the produced cells. 


3. Results and discussion 


Tape sintering shrinkage was found to be 16.72, 20.05, and 
26.25% for tapes sintered at 1250, 1350, and 1400°C, respec- 
tively. Substrates with any visible curvature tended to break more 
easily during PS deposition, and coatings deposited on them 
tended to have both higher surface roughness and a larger varia- 
tion in coating thickness across the surface. Furthermore, sealing 
of curved cells in a test station was difficult to achieve. Conse- 
quently, the tape-cast substrates were ironed under a constant 
load at their sintering temperature for subsequent depositions. 
None of the samples ironed and sintered at 1350 °C broke during 
spraying or during any of the subsequent testing. The deposi- 
tion thickness was found to be constant over the entire deposited 
layer area. 

Dense YSZ layers were not obtained directly on sintered 
NiO/YSZ substrates by spin coating. The application of large 
numbers of spin coated sol gel layers with higher sol concen- 
trations resulted in the formation of a separate spin coated YSZ 
layer that is not fully dense on the surface of the PS YSZ layer. 
Fig. 2 shows the cross-sections of YSZ layers produced in a high 
energy plasma with five sol gel coatings (A) and 10 sol gel coat- 
ings (B) of medium concentration applied by spin coating. After 
five coatings, a thin film, morphologically distinct from the PS 
YSZ coating layer, began to appear on the surface. No surface 
film was observed after fewer coatings at the available resolu- 
tion. The micrographs in Fig. 2 suggest that five or more spin 
coated layers lead to the formation of a separate surface layer on 
top of the PS layer, rather than only densifying the previously 
deposited layers by infiltration. This is a positive result from the 


WD 5.5mm 20.0kV x1.0k ` 50 


Fig. 2. Cross-section of a fracture surface of high energy PS YSZ electrolytes 
after 5 (A), and 10 (B) spin coated layers of medium concentration YSZ sol, 
with each layer dried on a hot plate, followed by a single firing step at 650°C. 
The arrows indicate the sol gel surface layer formed. 


view of process simplification, since the application of too many 
layers in post processing makes any treatment less interesting 
for practical applications. Consequently, the gas permeation was 
only measured for coatings produced with up to five applied sol 
gel coatings. 

Medium concentration sols also produced cracked layers 
after firing that were evident in the surface top view when 
deposited directly on the NiO/YSZ substrate. No such layer 
was observed on top of the PS electrolyte in the SEM surface 
micrographs, indicating that the sol infiltrated the electrolyte. 
Composite sol gel solutions, however, produced separate discon- 
tinuous layers after spin coating on both the NiO/YSZ and the 
PS YSZ electrolytes. This effect was more pronounced for both 
high sol concentrations and for high (>1 wt%) powder loadings. 

Gas permeation testing with helium showed that both the 
35 wm PS YSZ layers produced in a high energy plasma and the 
thinner 15 um electrolytes sprayed in low energy plasma condi- 
tions were not gas tight. Average helium leakage rates at 1 pound 
per square inch gauge (psig) were 0.30 sccm for YSZ coated in 
the former conditions, and 0.32 sccm for YSZ coated in the lat- 
ter conditions. Both substrates sintered at 1250 and 1350°C had 
a permeation rate exceeding the instrument measurement limit 
of 0.64 sccm at | psig and consequently negligible influence on 
gas permeation measurements with applied PS layers. 

Fig. 3 shows helium gas permeation reduction at 1 psig of 
sol gel impregnated samples as a percentage of the as-sprayed 
values, after 1 and 2 sol layer applications and subsequent fir- 
ing to 500°C. Fig. 3 shows the differences in gas permeation 
for different sol and slurry concentrations, as well as a compar- 
ison between PS coatings produced under low and high energy 
plasma conditions. During this study, as-sprayed substrates were 
each spin coated with one layer of either the SG or CSG solu- 
tions, then dried for two minutes on a hotplate at 300°C. Gas 
permeation was measured, a second layer was applied in the 
same way as the first, and the permeation was measured again. 
After these two applications, the samples were heated to 500 and 


~~ low energ. PS, low conc. SG 
==@- low energ. PS, med. conc. SG 
=A low energ. PS, low conc. CSG 
~~ low energ. PS, med. conc. CSG 
—#— high energ. PS, medium conc. SG 


Relative change in gas permeation 
compared to as-sprayed value [%] 
i : 
Oo 


o í 2 
Number of layers before firing 


Fig. 3. Relative changes in gas permeation at 1 psig due to sol gel impregnation. 
Comparison of the effect of the different sol gel solutions and plasma spray 
coating conditions on gas permeation. Changes are shown as a function of the 
number of layers coated before firing to 650°C (low energy plasma samples) 
and 500°C (high energy plasma samples). 
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Differential thermal signal (uV) 
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Fig. 4. Thermogravimetric and differential thermal analysis of medium concen- 
tration YSZ sol with no powder loading. 


650°C, followed by an additional permeation test after each fir- 
ing step. While the dried sol gel layers significantly reduced 
the gas permeation, an effect that increased with the number of 
layers, the effect became less pronounced after firing to higher 
temperatures of the sol gel layers. This result may indicate that 
while initially, the sol derived coatings fill most of the pores 
present in the PS electrolyte, the sintering shrinkage of the sol 
after firing at 500 or at 650 °C allows more gas to pass through the 
electrolyte, albeit less than prior to the sol gel treatment. The per- 
meation reduction achieved after firing ranged from ~5 to 35% 
over the range of compositions examined. Higher sol concen- 
trations and composite sol powder loadings did not improve the 
gas permeation of the PS coatings further compared to the two 
lower sol concentrations and lowest powder loadings studied. 

There was almost no difference visible in permeation between 
coatings fired to 500°C and those fired to 650 °C. However, the 
high sol concentration coatings of both sol gel and composite sol 
gel layers were visible as a grey layer on top of the sample after 
firing to 500°C. This layer appeared white on the surface of the 
samples after an additional firing step to 650 °C. This behaviour 
was not observed in any of the other solutions investigated. This 
observation correlates well with the thermogravimetric results 
of medium concentration YSZ sol heated to 1000 °C (Fig. 4). A 
small weight change occurs between 600 and 650°C, coupled 
with an exothermic DTA signal. However, the changes that occur 
between 500 and 650 °C do not affect the gas permeation values 
significantly. 

Fig. 5 shows high-temperature XRD data corresponding to 
the sol gel reaction that occurs during the low-temperature firing 
step in processing, as well as during any subsequent further tem- 
perature increases at fuel cell operating conditions. The cubic 
YSZ phase has formed by 650°C, as seen by the YSZ peaks in 
the XRD pattern. Further YSZ crystallite growth continues up to 
1000 °C. The presence of NiO peaks can be detected at tempera- 
tures above 650°C, resulting from the oxidation of the Ni in the 
sample holder. These results suggest that a 650 °C firing temper- 
ature is sufficient for reacting the sol precursor to form the cubic 
YSZ phase, with no need for higher temperature sintering steps 
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Fig. 5. High-temperature XRD data. NiO peaks appear above 650°C resulting 
from oxidation of the Ni sample holder. The YSZ peaks show the progression 
of crystallization during heating from 150 to 1000°C. 


that would otherwise accelerate oxidation of metallic intercon- 
nects or lead to undesired interreactions between the fuel cell 
layers [30]. 

Although ex-situ firing of the SG layers was performed in 
these studies to allow gas permeation testing under different 
conditions, firing of the sol gel coated layers could potentially 
be performed in situ prior to fuel cell operation, thus eliminating 
the need for an additional separate processing step. Since cell 
operating temperatures with a purely zirconia-based electrolyte 
are typically above 650°C, there is the possibility of further 
sintering of the SG particles in use. However, since no change 
in gas permeation was observed between firing steps at 500 and 
650°C, after a large change in gas permeation upon firing at 
500°C, it is possible that nano-phase particle sintering within 
the pores is complete by 500°C. Studies of in situ sintering of 
the SG layers at different operating temperatures would provide 
further insight into the sintering behaviour of the SG layers. 

The effects of applying up to five consecutive individually 
fired SG coatings on the PS electrolytes produced in the hot- 
ter plasma conditions are shown in Fig. 6. Up to a total of five 
coatings continuously decreased the gas permeation, by up to 
70%. In this study, each coating of one layer was followed by a 
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Fig. 6. Normalized gas permeation change through as-sprayed coatings pro- 
duced in high energy plasma, and after the addition of up to five medium 
concentration SG coatings, after subsequent firing of each layer individually 
to 500°C. 
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Fig. 7. Normalized gas permeation changes at 1 psig through as-sprayed elec- 
trolytes produced in low energy plasma, after two applications of either one or 
three SG coatings with medium concentration with subsequent firings to 650 °C. 


sintering step to 500°C. The total reduction of helium perme- 
ation was on the order of 16% for one coating and 37% for two 
coatings after sintering. 

An additional variation of the sol gel impregnation method 
was performed by applying either one, two, or three layers of 
medium ionic concentration sols by spin coating and hot plate 
drying on substrates with YSZ coatings produced in a low energy 
plasma. The samples were then fired to 650°C. The same num- 
ber of layers were then coated and heated again to 650 °C. Fig. 7 
shows gas permeation results for one or three spin coated films 
applied and dried on a hot plate prior to a firing step, with and 
without a repetition of the coating and firing step. The applica- 
tion of two coatings of three layers each with an intermediate 
firing step results in a 37.5% reduction in gas permeation. 

In order to correlate the helium gas leakage through the elec- 
trolytes in ex situ tests with the resulting effects on fuel cell 
performance, electrochemical testing was also performed on the 
leakage-tested cells. Cathodes were applied to as-sprayed sam- 
ples with no SG impregnation, and to the samples with 6 dried 
layers, fired to 650 °C in between two spin coating steps of three 
dried layers each. The cell setup is shown in Fig. 1, and an SEM 
micrograph of a fuel cell cross-section is shown in Fig. 8. 

The electrochemical impedance spectra of the cells without 
SG layers and with six medium concentration SG coating lay- 
ers with two firing steps are shown in Fig. 9. There is a greater 
than one order of magnitude difference between the polariza- 
tion resistances (Rp) of the cells, and a smaller difference in 
series resistances (Rs) of the two cells. The sol-impregnated cell 
exhibits total cell resistance values (Rs + Rp) of 0.56, 1.06, and 
2.20 Qcm?, while the as-sprayed cell has total cell resistance 
values of 18.1, 38.7, and 59.8 Qcm2 at 800, 750, and 700°C, 
respectively. 

The OCV of the cells is independent of surface reactions, 
diffusion, and internal electrical resistance, and thus gives a 
direct measure of how well the gases are separated from each 
other. The electrochemically tested cells showed a difference in 
OCV between the as-sprayed cells and the cells impregnated 
with six coatings of medium concentration sol and fired after 
each third coating layer of approximately 0.36 V (Fig. 10). This 


mounting 
resin 


.ÔkV x500, 100um 


Fig. 8. Backscatter electron image of a full fuel cell after six sol gel impregnation 
coatings, with a firing step after each third coating, on the electrolyte prior to 
cathode deposition. The reduced Ni/YSZ anode is shown on the left side, the low 
energy plasma sprayed YSZ layer is sandwiched in the centre, and the SSC-SDC 
cathode can be seen to the right of the electrolyte. The dark region on the right 
of the image is the mounting resin. No separate sol gel film could be discerned 
in the cross-section. 


OCV difference correlates to a difference in gas permeation of 
0.279 sccm at 1 psig, a reduction in gas permeation approxi- 
mately equivalent to 60% of the as-sprayed permeation rate. The 
impregnated cell remains approximately 0.1 V under the theo- 
retical OCV, while the as-sprayed cells have an OCV of 0.52, 
0.46 V below the theoretical OC V at 800°C. 

An as-sprayed cell, with a permeation rate of 0.332 sccm He 
at 1 psig, exhibited a very poor maximum power density of only 
2.2mW cm~?. Polarization curves at 800, 750, and 700°C for 
the cell impregnated with six medium concentration SG coat- 
ings fired after every third coating are shown in Fig. 11. The 
cell produced a maximum power density of 180 mW cm~? at 
800°C, 102 mW cm~? at 750°C, and 55 mW cm? at 700°C. 
As expected, the OCV increases slightly with lower tempera- 
tures, from 0.878 V at 800°C to 0.894V at 750°C to 0.914 V 
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Fig. 9. Impedance spectra of fuel cells with non-impregnated electrolyte layer 
(top, 1-100 kHz) and with electrolyte layer impregnated with six medium con- 
centration SG layers with two firing steps (bottom, 800 °C: 1-5000 Hz, 750°C, 
1-8500 Hz, 700°C: 1-10,000 Hz). The fuel cell electrolytes were produced in 
low energy plasma conditions. 
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Fig. 10. (A) TV curve at 800°C of a full fuel cell with an electrolyte layer 
produced in a low energy plasma without subsequent sol gel impregnation. 
The performance is compared to that of another cell at 800°C with six sol gel 
impregnation steps after PS deposition, fired to 650°C after every third layer 
(B). 


at 700°C, at an absolute permeation rate of 0.177 sccm at 
1 psig. The absolute values of OCV, however, are approximately 
100 mV lower than the theoretical maximum values of 0.980, 
0.995, and 1.011 V, at 800, 750, and 700°C, respectively [31]. 
Approximately 40 mV of the difference compared to the the- 
oretical values may be attributed to the sealing configuration of 
the test station used. The remaining 60 mV of OCV loss corre- 
sponds to the 0.177 sccm at | psig of helium gas leakage through 
the electrolyte layer in the ex situ gas leakage tests after the appli- 
cation of the SG coatings for sealing. This result suggests that 
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Fig. 11. Full cell performance of a fuel cell with six SG impregnation layers 
and two firing steps to 650°C; measured at 800, 750 and 700°C. 


an additional performance increase of approximately 11%, or 
approximately 20 mW cm7? increase in peak power density at 
800°C, may still be possible through further porosity reduction 
in either the as-sprayed or SG impregnated coatings. 

There are several effects that likely contribute to the elec- 
trochemical behaviour shown in Figs. 9-11. Firstly, the SG 
impregnated cells have a much higher OCV (Fig. 10) and thus a 
higher voltage at peak power density, resulting in higher perfor- 
mance. Secondly, the electrolyte is denser after impregnation, 
and thus Rs is slightly lower, as seen in the impedance plots of 
Fig. 9. Thirdly, the sol gel coatings enhance the sprayed surface 
by the creation of more numerous and finer cathode reaction 
sites, thereby resulting in a lower polarization resistance. This 
effect is quite substantial, as the impedance plots in Fig. 9 indi- 
cate a difference in polarization resistance of more than one order 
of magnitude between the SG-sealed and as-sprayed coatings. 

Furthermore, the SG spin coated layers achieved the largest 
relative reductions in gas permeation rates on the thicker 
electrolytes produced in the higher energy plasmas. Since elec- 
trolytes produced in high energy plasmas have smaller pores, 
the nanoparticles from the sol are more likely to fill a larger 
proportion of those pores as compared to larger pores in elec- 
trolytes produced in colder plasma conditions. Consequently, in 
this study, the hotter plasma conditions and thicker electrolytes 
investigated yielded larger relative improvements in gas perme- 
ability by the impregnation process. This result suggests that 
improvements in the initial porosity of the PS coatings may lead 
to even larger improvements when combined with the applica- 
tion of SG derived layers. 

The SG coatings can lead to significant increases in both gas 
tightness and interfacial surface area of the electrolytes, without 
separate high-temperature sintering steps. These improvements 
result in increases in OCV and peak power density compared 
to the as-deposited layers, and large reductions in polarization 
resistance. Although the addition of a spin coated SG layer adds 
an additional processing step, the potential for improving perfor- 
mance without the need for high-temperature sintering can lead 
to step changes in cost reduction, for example, by facilitating 
the use of thinner anode layers while supporting the entire fuel 
cell on less-expensive metallic interconnects. The present study 
indicates that with coatings produced in a high energy plasma, 
the efficiency of the spin coating impregnation is increased, lead- 
ing to the possibility of using fewer coating steps to improve the 
density of the plasma sprayed electrolytes. 

For cells with thinner electrolytes and thus potentially better 
electrochemical performance, but higher gas permeation rates, 
it was shown that the medium concentration sol gel solution was 
most effective in reducing the gas permeation. It was also shown 
that three impregnations with intermediate dryings prior to firing 
could improve the gas tightness more than single applications. 
The combination of a high energy plasma with a low electrolyte 
thickness, the application of medium concentration sol without 
solid loading, and the use of multiple impregnations prior to 
firing thus would appear likely to yield the best overall result in 
cell performance for this process. 

Further performance improvements could potentially be real- 
ized by reducing the porosity of the original PS coatings and 
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optimizing the SG layers for maximum interfacial reaction sur- 
face area. Improvements to process efficiency could potentially 
be realized by using only in situ firing of the SG layers rather 
than separate firing steps. Further work is required in these areas 
to realize the maximum benefits possible from the technique. 


4. Conclusions 


A method to increase gas tightness in PS YSZ coatings on 
NiO/YSZ substrates has been presented. Sol gel and compos- 
ite sol gel spin coating proved to be an easy and fast method 
to deposit layers on the PS surface. The technique reduced the 
gas permeation through the electrolyte layers by up to 37% after 
firing to 500 or 650°C. High energy plasma conditions pro- 
vided increased gas tightness of YSZ electrolytes after sol gel 
impregnation compared to electrolytes produced in low energy 
plasmas. The SG coatings led to a substantial increase in OCV 
and a small decrease in series resistance due to the decreased 
porosity of the electrolytes. The SG coatings also led to increased 
interfacial surface area, resulting in a large decrease in polariza- 
tion resistance. These changes resulted in a substantial increase 
in peak power density. Although the present technique increases 
the steps necessary to create a fuel cell, the OCV and cell perfor- 
mance are significantly increased, while still avoiding the need 
for high-temperature sintering. As a result, the primary benefits 
of the PS process for producing SOFCs are preserved. 
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